Physiological perturbations of bovine follicle-enclosed oocytes during the lengthy period of follicular development can lead to reduced oocyte developmental competence. It is suggested that heat stress-induced alterations in germinal vesicle (GV)-stage oocytes are further expressed in the transcriptional levels of genes involved in oocyte maturation and early embryonic development. Bovine oocytes were collected during cold (December-April) and hot (May-November) seasons, matured, fertilized, and cultured in vitro. The percentage of fertilized oocytes cleaving to the 2-to 4-cell stage was higher in the cold vs. hot season (89.0% 6 2.63% vs. 75% 6 2.63%, respectively; P , 0.05), as was the percentage of cleaved embryos further developing to blastocysts (26.6% 6 0.9% vs. 10.1% 6 1.8%, respectively; P , 0.05). Total RNA and poly(A) mRNA of oocytes and developing embryos were isolated and subjected to semiquantitative and real-time PCR for MOS, GDF9, and POU5F1 genes. In GV-stage oocytes, their mRNA levels did not differ between the seasons. However, following maturation, mRNA levels were higher in oocytes collected in the cold season (P , 0.05). In 4-cell-stage embryos, GDF9 and POU5F1 showed opposite mRNA patterns between seasons (higher and lower levels, respectively) in the hot season (P , 0.05). In both 8-cell-stage embryos and blastocysts, POU5F1 expression was lower during the hot season (P , 0.05). Exposing the ovarian pool of oocytes to environmental stress appears to impair maternal mRNA storage and/or the mechanism of transcription renewal, in turn affecting embryo gene expression before and after embryonic genome activation. Such impairment might partially explain the carry-over effect of summer heat stress on dairy cow conception rates.
INTRODUCTION
In vivo and in vitro studies support the view that bovine oocytes are susceptible to thermal stress at various stages of follicular development. At birth, bovine ovaries contain a finite store of 100 000 oocytes enclosed in primordial follicles. The oocytes arrest at the diplotene stage of the first meiotic prophase in a unique DNA organization termed germinal vesicle (GV), surrounded by a single layer of four to eight pregranulosa cells and intact basal lamina. During meiotic arrest, the bovine oocyte undergoes an 80-to 100-day growth phase [1] characterized by cell volume expansion (from 20 to 130 lm), morphological changes, and high transcription and translation rates [2, 3] . The accumulation of maternal mRNA during the growth phase provides the oocyte with its developmental competence, i.e., the potential to undergo maturation, fertilization, and development to the blastocyst stage, with a final outcome of live offspring [4] .
Perturbations in the physiology of the follicle-enclosed oocyte during the lengthy period of follicular development can potentially lead to an oocyte with reduced competence for fertilization and subsequent development. This phenomenon has been best characterized for heat stress, although the stage of follicular development that is susceptible to thermal stress has not been precisely defined. Roth et al. [5] introduced evidence suggesting that early antral follicles of approximately 0.5 to 1.0 mm in diameter are sensitive to heat stress. In cattle, the process of oocyte maturation coincides with estrus events. Exposing cows to heat stress between the onset of estrus and insemination disrupts subsequent embryonic development, with an increased proportion of abnormal and retarded embryos [6, 7] , indicating that the preovulatory follicle and its enclosed oocyte are sensitive to heat stress. Similarly, in vitro studies indicate that exposure of cultured cumulus-oocyte complexes (COCs) to physiologically relevant heat shock (418C) during the first 12 h of maturation decreases their cleavage rate [8, 9] and the proportion of oocytes that develop into blastocysts [10] [11] [12] [13] .
The hot season in Israel lasts for 5 mo (May-September), with an average maximum temperature of 338C and average temperature humidity index (THI) of 78 units. The deleterious effect of the summer thermal stress carries over into the autumn (October-November), when cows are no longer exposed to thermal stress [14] . A seasonal study indicated that a period of two to three estrous cycles is required for recovery from heat damage and appearance of competent oocytes [15] , suggesting that not only the individual ovulated oocyte but also a subpopulation of the ovarian pool of oocytes is damaged during heat exposure. Exposure of GV-stage oocytes (i.e., oocytes held in vitro at the GV stage using the cell-cycle inhibitor S-roscovitine) to 418C reduced the proportion of oocytes that progressed to metaphase II and further impaired blastocyst development [16] . Nevertheless, the mechanism underlying the disruption in oocyte developmental competence is not entirely clear.
Heat-induced alterations in the transcriptional levels of genes involved in cell growth, cell cycle, and programmed cell death have been documented in a variety of cell lines [17, 18] . For instance, in NIH 3T3 and HeLa cells, heat shock increases the expression of c-Fos and c-Jun mRNA and proteins, components of the AP-1 system, which is involved in detoxification of reactive oxygen species and the cellular defense program [19] . In human fibroblast and glioblastoma cells, heat shock induces alterations in p53 expression, leading to cell-cycle arrest [20, 21] . Changes in genes encoding heatshock proteins are an integral part of the cellular response to heat shock in various cell lines and animal tissues [22] [23] [24] . However, whether heat-induced alterations in the expression of genes involved in early embryonic development underlie the reduced developmental competence of the bovine oocyte is not yet known. Recently, we showed a seasonal effect on maternal transcript levels in 2-cell-stage bovine embryos in association with delayed cleavage timing and reduced embryonic development. In particular, gene expression in both cold and hot seasons was higher in early-cleaved (27 h postfertilization) versus late-cleaved (42 h postfertilization) 2-cell-stage embryos [25] . Among the subpopulation of early-cleaved 2-cell-stage embryos (i.e., putative embryos of high developmental competence), the expression of POU5F1 (previously known as OCT4) was lower in the hot vs. cold season. POU5F1 is a member of the Pit-Oct-Unc (POU) family of transcriptional activators that contain the DNA-binding POU domain [26] . POU5F1 is essential for maintenance of totipotency/pluripotency in embryonic stem cells and primordial germ cells: progressive loss of POU5F1 has been associated with loss of pluripotency upon differentiation [27, 28] . POU5F1 ablation in mice results in early embryonic death due to trophectodermal differentiation rather than proliferation of the inner cell mass (ICM) in the developing blastocyst [29] . It remains unclear, however, whether such alterations last and are subsequently expressed beyond the 2-cell stage. Therefore, in the current study, we examined POU5F1 expression in further embryonic developmental stages (4-and 8-cell-stage embryos and 7-day blastocysts) before and after embryonic genome activation.
To determine whether transcriptional alterations are also expressed in the oocyte itself (i.e., before fertilization), we examined the mRNA levels of genes involved in oocyte growth and maturation. Among the examined genes was MOS, a serine/threonine kinase that is expressed exclusively in germ cells [30] and plays a pivotal role in oocyte maturation. In mammalian cells, MOS is involved in second metaphase arrest and meiotic spindle formation [31] [32] [33] . In Xenopus oocytes, MOS is a key regulator of meiosis: it is involved in the activation of meiotic promoting factor (MPF), GV breakdown, first polar body formation, and reactivation of MPF at the MII stage. We also examined growth differentiation factor 9 (GDF9), a germ-cell marker and member of the large transforming growth factor b (TGFb) superfamily [34] . GDF9 plays a pivotal role in folliculogenesis: homozygous knockout female mice are sterile due to blockage of follicles at the primary stage [35] . A study of GDF9-modified sheep indicated that GDF9 is critical for stimulation of early follicular growth [36] . It also stimulates proliferation of theca cells derived from bovine small follicles, and is therefore defined as a mitogenic factor [37] . GDF9 is involved in oocyte maturation via regulation of cumulus cell function in the preovulatory follicle [38] .
The aim of the current study was to examine seasonal effects on the GV-stage oocytes and whether these effects involve alteration in the transcription levels of genes that are essential for oocyte maturation and preimplantation embryonic development. The data were expected to reveal whether alterations in maternal transcripts are involved in the mechanism underlying reduced embryonic development in lactating cows during the hot season.
MATERIALS AND METHODS
Unless otherwise specified, all chemicals were from Sigma Aldrich (Rehovot, Israel). Follicle-stimulating hormone (FSH), isolated from ovine pituitary extract (Ovagen), was from ICP Bio (Auckland, New Zealand). TriZol reagent, Superscript II reverse transcriptase, Dynabeads mRNA DIRECT Kit, non-essential amino acids (NEAAs), and essential amino acids (EAAs) were from Invitrogen (Carlsbad, CA). RNasin, oligo(dT) [12] [13] [14] [15] [16] [17] [18] , Moloney murine leukemia virus (M-MLV) reverse transcriptase, deoxynucleotide triphosphates (dNTPs), and RQ1 RNase-free DNase I were from Promega (Madison, WI). Five times TBE buffer (53 g Tris base, 27.5 g boric acid, and 20 ml 0.5 M ethylenediaminetetraacetic acid [EDTA]; pH 8.0), diethlpyrocarbonate (DEPC)-treated water, fetal calf serum (FCS), and Dulbecco PBS were from Biological Industries (Beit-Haemek, Israel). DyNAmo qPCR Kit was from Zotal (Espoo, Finland). Double-distilled water was from Merck (Darmstadt, Germany). The culture media Hepes-tyrode lactate (TL), sperm-TL (SP-TL), and in vitro fertilization-TL (IVF-TL) were prepared in our laboratory: Hepes-TL was supplemented with 0.3% (w/v) bovine serum albumin (BSA), 0.2 mM sodium pyruvate, and 0.75 mg/ml gentamicin (Hepes-TALP); SP-TL was supplemented with 0.6% BSA, 1 mM sodium pyruvate, and 0.2 mg/ml gentamicin (SP-TALP); IVF-TL was supplemented with 0.6% essential fatty acid-free BSA, 0.2 mM sodium pyruvate, 0.05 mg/ml gentamicin, and 0.01 mg/ ml heparin (IVF-TALP) [39] . Oocyte maturation medium (OMM) was made up of TCM-199 with Earle salts supplemented with 10% (v/v) heat-inactivated FCS, 0.2 mM sodium pyruvate, 50 lg/ll gentamicin, 1.32 lg/ml ovine FSH, and 2 lg/ml estradiol; potassium simplex optimized medium (KSOM) contained 95 mM NaCl, 2.5 mM KCl, 0.35 mM KH 2 PO 4 , 0.2 mM MgSO 4 Á7H 2 O, 0.8% (v/v) sodium lactate, 0.2 mM sodium pyruvate, 0.2 mM D(þ)-glucose, 25 mM NaHCO 3 , 1 mM L-glutamine, 0.01 mM EDTA, and 0.01 mM Phenol red supplemented with 1.7 mM CaCl 2 Á2H 2 O, 0.1 mg/ml polyvinylalcohol, 10 ll/ml EAAs, 5 ll/ml NEAAs, 100 U/ml penicillin-G, and 0.1 mg/ml streptomycin.
Oocyte Recovery
Bovine ovaries were obtained from multiparous Holstein cows at a local abattoir and transported to the laboratory within 60 to 90 min in physiological saline solution (0.9% w/v NaCl at 378C with 50 lg/ml penicillin-streptomycin). In the laboratory, ovaries were washed with fresh saline, cut through the center, and placed over a transillumination stand so that follicles could be easily visualized [40] . COCs were aspirated from 3-to 8-mm follicles with an 18-gauge needle attached to a 10-ml syringe. COCs with at least three layers of cumulus surrounding a homogeneous cytoplasm were selected for further processing.
In Vitro Production of Embryos
In vitro production of embryos was performed as previously described [25] . Briefly, COCs were washed three times in Hepes-TALP, and groups of 10 oocytes were transferred to 50-ll droplets of OMM overlaid with mineral oil. The droplets containing COCs were incubated in humidified air with 5% CO 2 for 22 h at 38.58C. Matured COCs were washed three times in Hepes-TALP and transferred in groups of 30 oocytes to four-well plates containing 600 ll IVF-TALP and 25 ll PHE per well (0.5 mM penicillamine, 0.25 mM hypotaurine, and 25 lM epinephrine in 0.9% w/v NaCl). Percoll-purified spermatozoa (;1 3 10 6 ) from frozen-thawed semen were used for fertilization. Spermatozoa were co-incubated with COCs for 18 h at 38.58C in a humidified atmosphere with 5% CO 2 . After fertilization, putative zygotes were removed from the fertilization wells, denuded of cumulus cells by gentle vortexing in Hepes-TALP containing 1000 U/ml hyaluronidase, and randomly placed in groups of 10 in 25-ll droplets of KSOM. All embryo droplets were overlaid with mineral oil and cultured for 8 days at 38.58C in an atmosphere of humidified air with 5% CO 2 , 5% O 2 , and 90% N 2 .
Hoechst Staining
The fluorescent stain bisbenzimide trihydrochloride (Hoechst 33342), which intercalates in A-T DNA regions, was used to detect embryonic cell nuclei. Briefly, embryos were washed three times in PBS with 1 mg/ml polyvinylpyrrolidone (PBS-PVP), fixed in 4% (v/v) paraformaldehyde in PBS for 15 min at room temperature, and stored in PBS-PVP at 48C. During the assay, samples were stained with 1 lg/ml Hoechst 33342 in PBS-PVP for 15 min at room temperature, washed three times in PBS-PVP, and placed in Fluoromount (Diagnostic BioSystems, Pleasanton, CA) drops. DNA labeling was examined under an inverted fluorescence microscope (Nikon Eclipse TE-2000-U; Nikon, Tokyo, Japan) using Nis Elements software (Nikon). Total cell number was determined for each examined blastocyst.
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Gene Quantification
Sample collection. GV-stage oocytes were collected immediately after aspiration, and MII-stage oocytes were collected after 22 h of maturation. Both GV-and MII-stage oocytes (n ¼ 20 oocytes per stage, per sample) were denuded of cumulus cells by gentle vortexing in Hepes-TALP containing 1000 U/ml hyaluronidase as described above. In addition, embryos at different developmental stages were collected: 2-cell-stage embryos (n ¼ 10 embryos per sample) were collected at 27 h postfertilization; 4-and 8-cell-stage embryos (n ¼ 6 and 4 embryos, respectively, per sample) were collected at 44 and 56 h postfertilization, respectively, and blastocysts (n ¼ 4 embryos per sample) were collected 7 days postfertilization. Note that due to transcript level variations between early-and late-cleaved embryos [25] , only early-cleaved embryos were collected. For each stage, four replicates were taken from different in vitro production runs in each season, washed in PBS, snap frozen in liquid nitrogen, and stored at À808C until RNA extraction.
Semiquantitative RT-PCR. Total RNA was extracted from each sample by TriZol reagent according to the manufacturer's instructions (Invitrogen), with slight modifications as described previously [25] . Briefly, 500 ll of TriZol reagent with 1 lg glycogen as the carrier were added to each sample. After centrifugation with chloroform (100 ll), RNA was recovered (upper aqueous phase), precipitated with isopropanol, washed twice with ethanol, and dried for 5 min. After extraction, the RNA pellet was resuspended in 8 ll DEPC water and treated with 1 U DNase I according to the manufacturer's instructions (Promega) to remove any DNA contamination. Isolated RNA was reversetranscribed into cDNA in a total volume of 20 ll. The first step of the reverse transcription was incubation at 728C with 500 mg oligo(dT) 12-18 for 10 min, followed by incubation for 60 min with RT mix containing M-MLV reverse transcriptase, 5X M-MLV-RT buffer, 200 lM dNTPs, 20 U of RNasin, and 3 ll of DEPC water. Finally, the mixture was incubated at 408C for 1 h and at 908C for 5 min for reverse transcriptase inactivation.
PCR amplification of MOS, GDF9, POU5F1, GAPDH, and RN18S cDNA was performed in a final 25-ll reaction volume containing 3 ll cDNA and 1 ll (10 lM) of each primer. Primer sequences, amplified product sizes and GenBank accession numbers are provided in Table 1 . The PCR program consisted of an initial denaturation step at 958C for 5 min followed by 35 cycles at 958C for 30 sec, 558C for 30 sec, and 728C for 30 sec, and a final extension at 728C for 10 min. The RT-PCR product (18 ll) with 3 ll of 63 loading buffer (0.25% w/v xylenecyanol and 25 mmol EDTA/L in 50% w/v glycerin) was loaded onto a 1.5% (w/v) agarose gel in TBE buffer containing 0.2 lg/ml ethidium bromide. After electrophoresis at 80 V for 60 min, the fragments were visualized on a 312-nm UV transilluminator. Scion image software was used to quantify the signal intensity of each band (data not shown).
Real-time PCR. Poly(A) RNA was isolated using Dynabeads mRNA DIRECT Kit according to the manufacturer's instructions (Invitrogen) as previously described by Gendelman et al. [25] . In brief, oocytes and embryos were lysed by adding 100 ll lysis-binding buffer to each sample. Prewashed oligo(dT) 25 Dynabeads (20 ll) were added to each tube and mixed for 5 min at room temperature to allow binding of poly(A) to the beads. The samples were put into a magnetic separator to remove the lysis buffer while retaining the Dynabeads. The Dynabeads were washed twice with 100 ll washing buffer A (100 mM Tris-HCl [pH 7.5], 500 mM LiCl, 10 mM EDTA [pH 8], and 5 mM dithiothreitol [DTT]), twice with 100 ll washing buffer B (10 mM Tris-HCl [pH 7.5], 0.15 M LiCl, and 1 mM EDTA), and once with 100 ll 10 mM Tris HCl. After removal of HCl, 8 ll sterile DEPC water was added, and the samples were immediately subjected to reverse transcription.
Reverse transcription was performed in a total volume of 20 ll. The first step was incubation at 708C with 8 ll RNA sample, 1 ll oligo(dT) [12] [13] [14] [15] [16] [17] [18] (500 lg/ml), 1 ll RNAseout, 1 ll dNTPs (10 mM each), and 1 ll (50 ng) random primer, followed by 50 min incubation at 428C and 5 min at 708C with RT mix containing 4 ll 53 reverse transcriptase buffer, 200 U of Superscript II reverse transcriptase, 2 ll 0.1 M DTT, and DEPC water. The samples were transferred to À208C until use.
Quantitative reverse transcription was carried out with primers for MOS, GDF9, and POU5F1, using YWHAZ as a reference gene for all developmental stages except the 2-cell stage. For the latter, GAPDH was used as the reference gene since YWHAZ expression was diverse between seasons. The primers were derived from bovine sequences found in Genbank and designed using Primer Express software (Table 1) . Briefly, real-time PCR was conducted on an Mx3000p cycler (Stratagene, La Jolla, CA) using SYBR green in a final volume of 20 ll containing DEPC water, 500 nM of each primer, and 3 ll diluted cDNA. To determine the final working dilution, a standard curve made up of six measuring points was performed for each examined stage using twofold dilutions of pooled samples. For GV and MII stages, samples consisted of 20 oocytes. For 4-and 8-cell-stage embryos, samples consisted of six and four embryos, respectively. For 7-day embryos, samples consisted of four blastocysts. Cycle threshold (Ct) values were plotted against log10 of the template dilution. The reaction efficiency ranged between 90% and 110% with an R 2 . 0.995. Note that no significant differences were found between the correlation coefficient and reaction efficiency noted for the examined stages. The dilution ratio selected for GV-and MII-stage oocytes and 4-and 8-cellstage embryos was 1:8, and 1:16 for the blastocyst stage (Table 1) , to set Ct values in a range of 24-27.
The amplification program included preincubation at 958C for 7 min to activate taq polymerase, followed by 40 amplification cycles of denaturation at 958C for 10 sec and annealing-elongation at 608C for 15 sec. All samples were run in duplicate in 96-well plates. A melting-curve analysis was performed at the end of the amplification to confirm a single gene.
Fluorescence was recorded to determine the threshold cycle during the loglinear phase of the reaction at which fluorescence rises above background. Gene expressions were quantified and analyzed by MxPRO QPCR Software for Mx3000p and Mx3005p QPCR version 3, and the DDC t method was used to calculate the relative expression of each gene.
Experimental Design
The study was performed during the hot (May-September) and cold (December-April) seasons. The average maximum temperatures in the hot and cold seasons were 338C and 168C, respectively. The average THI in the hot season was 78 units, indicating environmental thermal stress since lactating cows undergo hyperthermia at THI above 72 units [41] . Oocytes were aspirated from ovaries collected at the local abattoir. The oocytes were matured, fertilized in vitro, and cultured as described above. The proportion of oocytes cleaved to SEASONAL EFFECT ON OOCYTE DEVELOPMENTAL COMPETENCE 2-and 4-cell-stage embryos and further developed to the blastocyst stage was assessed at 42-44 h and 7-8 days postfertilization, respectively. In addition, subgroups of samples from each developmental stage were collected from four different IVF runs in each season: GV-and MII-stage oocytes (n ¼ 20 per stage, per run), early cleaved 2-, 4-, and 8-cell-stage embryos (27 h, 44 h, and 56 h postfertilization, respectively; n ¼ 10, 6 and 4, respectively, per run), and 7-day blastocysts (n ¼ 4 embryos per run). Total RNA and mRNA were isolated, and semiquantitative PCR and real-time PCR were carried out as described above. PCR was carried out with primers for MOS, GDF9, and POU5F1. Note that MOS was examined in GV-and MII-stage oocytes but not in the postfertilization stages since MOS is not expressed in developing embryos [42] .
Statistical Analysis
To compare data among the experimental groups, the proportions of cleaved oocytes and embryos developed to blastocysts were subjected to oneway ANOVA (JMP-7; SAS Institute Inc., Cary, NC) followed by Student t-test. Data are presented as means 6 SEM. Relative gene expression was analyzed by one-way ANOVA followed by Tukey-Kramer test. For all analyses, P , 0.05 was considered significant.
RESULTS
Seasonal Effects on Oocyte Developmental Competence
In general, developmental competence of oocytes collected during the hot season differed from that of oocytes collected in the cold season. The percentage of oocytes that were fertilized and cleaved to the 2-to 4-cell stage (42-44 h postfertilization) was higher in the cold season than in the hot season (89.0% 6 2.63% vs. 75% 6 2.63%, respectively, P , 0.05; Fig. 1) . Accordingly, the percentage of embryos (out of total oocytes) that developed to the blastocyst stage (7-8 days postfertilization) was higher in the cold than in the hot season (24.0% 6 1.8% vs. 6.7% 6 2.4%, respectively, P , 0.05; Fig. 1) . Similarly, the percentage of cleaved embryos that further developed to the blastocyst stage was higher in the cold vs. hot season (26.6% 6 0.99% and 10.1% 6 1.84%, respectively, P , 0.05; Fig. 1 ).
The total cell number (i.e., all blastomeres) did not differ between blastocysts derived from oocytes collected in the cold (n ¼ 28; 118.5 6 1.7) vs. hot (n ¼ 22; 118.3 6 3.8) season.
Housekeeping Genes
Using total RNA for semiquantitative PCR, RN18S expression was similar at all examined stages (GV-and MIIstage oocytes, 4-and 8-cell-stage embryos, and 7-to 8-day blastocysts) between the hot and cold seasons (Figs. 2A, 3A, 4A, 5A, and 6A, respectively). Using real-time PCR, however, RN18S expression was not constant between seasons, most likely due to the use of indirect mRNA isolation. RN18S has no poly(A) tail, and is therefore not well retained in the mRNA fraction. 
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Goossens et al. [43] showed that GAPDH and YWHAZ genes are the best endogenous reference genes in bovine preimplantation embryos. Based on that study, we examined the expression of both GAPDH and YWHAZ in all examined stages, in both hot and cold seasons. The transcription level of GAPDH was found to be equal between seasons in the GVstage oocytes, 2-and 4-cell-stage embryos, and blastocysts, but not in MII-stage oocytes or 8-cell-stage embryos. The transcription level of YWHAZ was constant between seasons at all examined stages except the 2-cell stage. Accordingly, YWHAZ served as the main reference gene for final analysis.
Seasonal Effect on Gene Expression in Oocytes and Preimplantation Embryos
In general, data from the semiquantitative PCR corresponded well with those from the real-time PCR, with similar mRNA expression throughout the embryonic developmental stages as well as a similar pattern of seasonal-induced alterations. In GVstage oocytes, the mRNA levels of the examined genes did not show any differences between hot and cold seasons (Fig. 2, A  and B) . However, following maturation (i.e., putative MIIstage oocytes), mRNA levels of MOS, GDF9, POU5F1, and GAPDH were higher in oocytes collected in the cold season vs. the hot season (P , 0.05; Fig. 3, A and B) . In the 2-cell-stage embryos, mRNA levels for both GDF9 and POU5F1 were lower in the hot vs. cold season (P , 0.05; data not shown). In the 4-cell-stage embryos, GDF9 and POU5F1 showed opposite mRNA patterns between seasons: expression of GDF9 was 
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higher and that of POU5F1 lower in embryos developed from oocytes collected in the hot season. No changes in the expression level of GAPDH were found between seasons at the 4-cell stage (P , 0.05; Fig. 4, A and B) . POU5F1 expression in both 8-cell-stage embryos (Fig. 5, A and B) and blastocysts (Fig. 6, A and B) was lower in embryos developed from oocytes collected during the hot vs. cold season. GAPDH expression was higher in the cold vs. hot season at the 8-cell stage but not at the blastocyst stage (Fig. 5, A and B, and Fig.  6, A and B, respectively) .
DISCUSSION
Thermal-stress-induced alterations in the ovarian pool of follicles and their enclosed oocytes has been suggested as a major cause of reduced fertility in dairy cows through the summer and following autumn [44] . While the mechanism is not entirely clear, it appears to be multifactorial in nature. The current study provides new evidence for seasonal variations in maternal transcripts involved in oocyte maturation and early embryonic development. Although it was the ovarian pool of oocytes that was exposed to thermal stress, the deleterious effect first appeared in MII-rather than GV-stage oocytes, manifested as reduced mRNA levels for MOS, GDF9, POU5F1, and GAPDH genes. In our previous study, alteration in maternal transcripts was associated with delayed cleavage and decreased embryonic development to the 2-cell stage [25] . Herein we provide first evidence that exposure of GV-stage oocytes to thermal stress is further expressed by alterations in maternal mRNA transcription both before (i.e., 4-and 8-cellstage embryos) and after (7-to 8-day blastocysts) embryonic genome activation. In light of these findings, we suggest that deleterious seasonal effects induced at the GV-stage carry over to the subsequent embryonic developmental stages and most likely compromise oocyte developmental competence and quality of the developed blastocysts.
During oocyte and follicular development, the oocyte accumulates maternal mRNA and proteins. The stored mRNA is critical during the period of maturation, fertilization, and the first embryonic cleavages, until the embryonic genome becomes fully functional [45] . Moreover, differential mRNA stability in the oocyte is important in regulating the availability of transcripts for translation [46] . In the present study neither the data from the semiquantitative PCR nor those from the realtime PCR showed any differences between seasons in mRNA levels for GV-stage oocytes. In light of these findings one might suggest that exposing the ovarian pool of oocytes to elevated temperature will not affect maternal mRNA levels. However, a key finding of the present study is that alterations in maternal transcripts (MOS, GDF9, POU5F1, and GAPDH) were clearly expressed in the oocytes after 22 h of maturation (putative MII-stage oocytes) and at the 2-, 4-, and 8-cell stages (before embryonic genome activation), suggesting a deleterious seasonal effect on oocytes' maternal mRNA storage. Why differences between seasons are not observed in GV-stage oocytes but do appear in subsequent developmental stages upon renewal of the transcription mechanism remains unclear. From studies performed mainly in Xenopus and mouse, maternal mRNA is deadenylated and stored in ribonucleoprotein particles, which protect the mRNA from premature translation and degradation [47] [48] [49] [50] . In addition, the mechanism regulating recruitment and stability of dormant maternal mRNAs is reversible polyadenylation, which is controlled by cytoplasmic polyadenylation elements [51, 52] . It is possible, therefore, that inefficient transcription and/or alterations in mRNA storage underlie the changes observed in the current study in embryos developed during the hot season. Inefficient polyadenylation could lead to the formation of mRNA with a shorter poly(A) tail that is relatively sensitive to degradation.
In mammalian oocytes, MOS is involved in microtubule and chromatin reorganization during meiosis and activation of the MAPK pathway leading to MII arrest [31] [32] [33] . Mouse oocytes with nonfunctional MOS undergo spontaneous parthenogenetic activation [53] . Nevertheless, in the current study, reduced MOS expression in bovine oocytes was not associated with parthenogenetic activation (data not shown). On the other hand, the reduction in MOS expression in oocytes after 22 h of maturation might explain, in part, the disruption in nuclear maturation and rearrangement of cytoskeletal elements (F-actin and a-tubulin) previously reported for bovine oocytes exposed to heat shock during maturation [11] . Interestingly, the alteration in GDF9 level observed in MII-stage oocytes during the hot season carried over into subsequent embryonic developmental stages. In bovines, GDF9 transcript is highly expressed in follicle-enclosed immature oocytes, decreases through subsequent stages of embryonic development, and is slightly expressed in 8-cell-stage embryos [54] . GDF9 has been shown to regulate cumulus cell function in the preovulatory period [38] and, therefore, might be involved in oocyte maturation. Reduction in GDF9 expression in MII-stage oocytes during the hot season might explain the reduced proportion of oocytes that mature [9] upon heat stress. Moreover, GDF9 expression in 4-cell-stage embryos developed in the hot season remained relatively high, suggesting a delayed decrease in GDF9 levels, which is generally expected to occur at this embryonic developmental stage [54] . Such impairment indicates potential disruption of these embryos' developmental competence and might explain, in part, the reduced proportion of blastocysts developed during the hot season. It should be noted, however, that embryos that developed to the 8-cell stage expressed a very low level of GDF9, as expected for this stage of development [54] .
Goossens et al. [43] showed that GAPDH and YWHAZ are the best endogenous reference genes in bovine preimplantation embryos. Therefore, YWHAZ and GAPDH were used in the current study as the reference genes. It was found in both semiquantitative and real-time PCR that GAPDH is not equally expressed between seasons, in particular in MII-stage oocytes and 8-cell-stage embryos. It has recently been reported that the transcription levels of GAPDH vary among cell types [55] , developmental stages [56] , and experimental conditions [57, 58] . Together, these findings emphasize the importance of reference gene validation for each specific developmental stage and for each season. Moreover, GAPDH plays a key role in energy metabolism and is involved in the glycolytic pathway, in particular converting glyceraldehyde-3-phosphate to 1,3-diphosphoglycerate [59] . GAPDH also plays a role in membrane fusion [60, 61] , DNA repair [62] , nuclear RNA export [63, 64] , cytoskeletal organization [65, 66] , phosphotransferase activity [67, 68] , and apoptosis [69] [70] [71] . Thus, lower GAPDH levels in MII-stage oocytes might affect their ability to undergo fertilization and further embryonic development. Similarly, a reduced level of GAPDH expression in 8-cell-stage embryos was associated with reduced ability to develop to blastocysts during the hot season.
The most prominent seasonal variation in the current study was the reduced expression of POU5F1 mRNA throughout all of the embryonic stages. In bovines, POU5F1 transcription level is characterized by high expression in immature oocytes up to the 4-cell stage, followed by downregulation through the 8-cell stage to the morula, and relatively high expression at the blastocyst stage [72] . Higher POU5F1 expression has been GENDELMAN AND ROTH reported for early-vs. late-cleaved 2-cell-stage embryos and has been associated with the proportion of embryos that further develop to the blastocyst stage [25] . As early-cleaved embryos were compared in the current study, it becomes clear that reduced expression of POU5F1 mRNA is involved in the reduced oocyte developmental competence during the summer. POU5F1 is fundamental in maintaining pluripotency in primordial germ cells and embryonic stem cells [29, 73] . In mice, the level of POU5F1 governs embryo fate, and a critical level of POU5F1 is required to maintain embryonic stem cell renewal [74] .
During the maternal-embryonic transition (MET), the developmental program shifts from maternal to embryonic, i.e., there is degradation of maternal transcripts and expression of the genes required for differentiation and successful implantation [75] [76] [77] [78] . In bovine embryos, MET occurs during the passage from the 8-to 16-cell stage [75] . Therefore, one might expect that embryos developed from oocytes collected during the hot season would overcome previous maternal mRNA alterations upon activation of embryonic transcription. However, our findings indicate that the low expression of maternal POU5F1 mRNA recorded through early developmental stages (before MET) is also expressed at the blastocyst stage (following MET). Transcription level of POU5F1 has been shown to be higher in competent oocytes and embryos [76] ; thus, embryos that develop during the hot season and express low POU5F1 levels might be considered of inferior quality. In mice, POU5F1 is initially expressed in all blastomeres but through embryonic development is downregulated in the trophectoderm cells and restricted to the ICM cell [79] . Ablation of POU5F1 causes early embryonic death due to blastomere differentiation to trophectoderm rather than to ICM [74] . However, the transcriptional repression of POU5F1 seen in mice dose not occur in cattle; POU5F1 is expressed in both ICM and trophectoderm [80, 81] . Thus, it is most likely that changes in POU5F1 mRNA level in the hot season reflect alteration in POU5F1 expression in the entire blastocyst rather than changes in the ICM cell proportion. Moreover, preliminary results of our lab (data not shown) showed no difference in ICM cell number between seasons.
In summary, our findings indicate a deleterious carry-over effect of the hot season on oocyte developmental competence. Exposing the ovarian pool of oocytes to environmental stress appears to impair maternal mRNA storage and/or the mechanism of transcription renewal, which in turn affects gene expression in the developing embryo. Further studies to examine whether RNA stability, translation, and degradation, as well as protein levels, are altered between seasons might further clarify the suggested mechanism underlying the carryover effect of summer heat stress.
